INTRODUCTION
Affective disorders, such as depression or anxiety, are a significant worldwide healthcare burden, with depression being the leading cause of disability in the United States (NIMH 2010a; NIMH 2010b) . Though primarily thought of as imbalances or deficiencies in monoaminergic activity, alterations to brain bioenergetics have also been implicated in these disorders (Gardner & Boles 2011; Klinedinst & Regenold 2015) .
Creatine (Cr) is an important spatial and temporal ATP buffer in cells with a high-energy demand (Wyss 2000) . Cr is transported into cells via the Cr transporter (Crt; SLC6A8) (Braissant et al. 2011; Braissant et al. 2001; Hanna-El-Daher & Braissant 2016; Joncquel-Chevalier Curt et al. 2015; Perna et al. 2016; Skelton et al. 2011) . Supporting the role of Cr in bioenergetic pathways, Crt knockout (Slc6a8 -/y ) mice, which lack brain
Cr have reduced brain ATP levels (Perna et al. 2016; Stockebrand et al. 2016) . The role of Cr on affective-type behaviors is not fully understood, though changes in brain Cr have been implicated in mood disorders (Allen 2012) . The Slc6a8 -/y mice provide a unique opportunity to better understand the role of Cr in affective disorders, by examining the effects of a complete deficit of Cr.
Most studies related to Cr and affective behaviors have been performed following Cr supplementation. In mice, acute Cr administration reduced immobility in the tailsuspension test (TST) Cunha et al. 2014; Cunha et al. 2012; Cunha et al. 2015; Cunha et al. 2013a; Cunha et al. 2013b; Pazini et al. 2016) . Additionally, Cr supplemented female rats had an increased latency to immobility in the forced-swim test, while Cr-treated males were unaffected . Psychosocial defeat reduced brain Cr in tree shrews (Czeh et al. 2001; van der Hart et al. 2002) . In humans,
Cr supplementation improved Hamilton Depression Rating Scale (HAM-D) scores in individuals with treatment-resistant depression (Roitman et al. 2007 ). Combination treatment with escitalopram and Cr increased HAM-D scores and led to a more rapid onset of symptom relief than women treated with a selective serotonin reuptake inhibitor (SSRI) alone (Lyoo et al. 2012) . Cr levels are reduced in the cerebral white matter of individuals with generalized anxiety disorder and an early life trauma (Coplan et al. 2006) . Similar findings were reported in the hippocampi of patients with post-traumatic stress disorder (Villarreal et al. 2002; Schuff et al. 2008) . Although a link between (Hautman et al. 2014) . Thusly, we evaluated the effects of a complete or partial lack of Cr in the brain on behaviors related to anxiety and depression. In addition, we evaluated the effect of a loss of Cr on the expression of proteins related to 5-HT synthesis and turnover as well as the locomotor response to a 5-HT based stimulant, para-chloroamphetamine. showing 97% similarity to the stock C57BL6/J line at Jackson Laboratory. Homozygous knockout female mice cannot be generated since Slc6a8 -/y mice do not breed. Mice were genotyped by PCR as previously described (Perna et al. 2016; Skelton et al. 2011 ). Mice were housed at 21° C in microisolators 2-4/cage with ad libitum access to food and water. Lights were maintained on a 14 h:10 h light:dark cycle with lights on at 0700. All procedures on mice were performed at the Cincinnati Children's Research (Schaefer et al. 2009 ). At the beginning of the 5 min (300 s) trial, the mouse's tail was passed through a hole from the underside of the platform and the mouse was raised to the point where it was unable to reach up and grasp the base of its tail for support. The tail was taped to the top of the platform. Trials were live-scored for latency to first immobility, total mobility time, and total immobility time (Can et al. 2012) . Statistics. Male and female mice have distinct genotypes, so using sex as a between-subjects factor would create an imbalanced design as there are no heterozygous males and no homozygous females. Therefore, each sex is analyzed separately with genotype as the only between subjects factor. Statistical analysis was performed using GraphPad Prism (San Diego, CA) software. For experiments with a single variable and where the two groups were compared, unpaired Student's t-tests were used. For tests involving measurement of multiple time blocks, e.g. locomotor activity and learned helplessness, a repeated-measures analysis of variance (ANOVA) was used with gene as the between subjects factor and time as the repeated factor.
METHODS

Subjects
Significant effects were analyzed using the False Discovery Rate method of Benjamini, Krieger, and Yekuteli (Benjamini et al. 2006 (Figure 2a) . A similar main effect of gene (Mann-Whitney U=62, n 1 =16, n 2 =15, p<0.05; Figure 2b ) was seen in the number of trial with an escape with the Slc6a8 +/-mice escaping more than Slc6a8 +/+ mice.
PCA Challenge. PCA administration at 5 mg/kg produced hyperactivity in both groups (main effect of drug, saline vs PCA; F(1,48)=207.5, p<0.0001; Figure 3 ). Figure 4b ).
A similar increase was seen in the neostriatum for 5-HIAA (t 21 =2.488, p<0.01; figure 4e ).
In addition, increases in striatal DA (t 21 =2.493, p<0.05; Figure 4g ) and 3-HVA (t 21 =2.246, p<0.0356; Figure 4i) Figure 5b ). Tissue from the striatum was not analyzed. Females: No differences were observed in TPH-2 or MAO expression levels.
DISCUSSION
The purpose of this study was to evaluate affective-like behaviors in mice Crtdeficient mice. Slc6a8 -/y and Slc6a8 +/-mice were resistant to LH, an induced depressivelike behavior. Additionally, male Slc6a8 -/y mice have increased 5-HIAA and increased expression of TPH-2 and MAO, proteins related to 5-HT synthesis and metabolism.
Performance in anxiety-like or native depressive-like behavior, as evaluated by the EZM and TST respectively, were not affected by Crt-deficiency. Together, the results of this study suggest that Cr plays a role in 5-HT metabolism, which may manifest as changes in induced depressive-like behaviors.
The LH task represents an animal model of coping strategies that has a high degree of translational value related to depression as it is seen in humans and rodent models (Maier & Seligman 2016) . Accordingly, treatment with antidepressants leads to resilience against LH, providing further face validity to this model (Chourbaji et al. 2005 ).
The 5-HT system has been shown to play an important role in the acquisition of LH (Maier & Seligman 2016) . Additionally, Lugenbiel et al. (2010) found that rats bred for a congenital LH response (cLH) without induction have decreased Slc6a8 expression in Lack of creatine alters serotonin and affect 1 0 the hippocampus, but not the prefrontal cortex (Lugenbiel et al. 2010) . Both escitalopram and electroconvulsive shock administration are antidepressant treatments that attenuate LH-responses (Reed et al. 2009; Sartorius et al. 2003) . Interestingly, Lugenbiel at al. demonstrated that these treatments increased Slc6a8 expression in both the hippocampus and prefrontal cortex of cLH, but not WT, rats. Conversely, this study found that mice with either a lack of or a decreased Slc6a8 expression were more resistant to LH-induction than wild type mice. While the results of this study do not match the results of the Lugenbiel study, there are caveats that could prevent a direct comparison of these studies. While Slc6a8 expression was reduced in the hippocampus, Cr levels were not measured in the cLH rats. In addition, the expression of Slc6a8 was unchanged in the PFC. It is possible that the differences in these studies could be a result of changes caused by a lack of Cr in the PFC. Finally, Slc6a8 expression was not
completely eliminated in the rats tested while it is absent in the Slc6a8 -/y mice. It is possible that reductions in Slc6a8 and elimination of the gene lead to distinct phenotypes.
Although Slc6a8 -/y and Slc6a8 +/-mice appear to be more resilient to LH-induction, there were no changes in the tail suspension task or in the zero maze-acute measures of depressive-and anxiety-like behaviors. These seemingly divergent results are not altogether surprising as these tests measure different affective outcomes. A crucial difference between LH and our other affective measurements is that TST and EZM were measured in mice that were not exposed to a known stressor prior to testing. This was done to ensure that any potential alterations in behavior would provide insight into the baseline affective behaviors in mice lacking Slc6a8. In wild-type mice, a depressive-like phenotype is often induced by exposure to known stressors prior to testing (Hammels et al. 2015) . Based on the differences in the tasks used in this study, it may be beneficial to employ these strategies in Slc6a8 -/y or Slc6a8 +/-mice in future studies.
We have shown that Slc6a8 -/y and Slc6a8 +/-mice have cognitive deficits that are caused by the lack of brain Cr (Skelton et al. 2011; Udobi et al. 2018) . It is important to determine what other behaviors may be disrupted by the lack of Cr. In the initial characterization of this model, social interaction and acoustic startle/pre-pulse inhibition
were not changed in Slc6a8 -/y mice (Skelton et al. 2011) . The results from the TST and 1 1 EZM further establish that the loss of Cr does not lead to a global behavioral deficit.
These findings allow for a more precise determination of pathways and brain regions that could be disrupted in the Cr-deficient brain.
It is well-established that LH is dependent on 5-HT function. In the mice used for the initial characterization in Skelton et al, there was a small (11%) increase in hippocampal 5-HT levels of Slc6a8 -/y mice along with a more pronounced (34%) increase in 5-HIAA. In this study, while there was a small increase (5%) in the mean 5-HT content of the hippocampus, it did not reach significance. Given the magnitude of the change between the studies, it would not be surprising that a type-1 error was present in the 2011 study. The increase in 5-HIAA was replicated between the studies with Slc6a8 -/y mice having a 25% increase in hippocampal 5-HIAA levels. The limited or lack of change in 5-HT along with the increase in 5-HIAA would suggest that 5-HT turnover is increased in Slc6a8 -/y mice. Accordingly, we observed an increase in MAO protein levels in the hippocampus of Slc6a8 -/y mice. Additionally, the levels of hippocampal TPH-2 were increased in Slc6a8 -/y mice. The unchanged 5-HT content combined with the elevated TPH-2 in mice lacking Cr suggests that a compensatory mechanism exists in these mice to increase 5-HT levels to accommodate for an increase in 5-HT release and metabolism. Taken together, the increases in 5-HIAA, MAO, and TPH-2 suggests that the loss of Slc6a8 causes an increase of 5-HT usage and turnover. Although they have a 50% reduction in brain Cr, similar serotonergic alterations were not observed in female
Slc6a8
+/-mice. Therefore, female mice were not included in the PCA challenge.
Acute doses of PCA (0.5 to 5 mg/kg) increase synaptic 5-HT and induce hyperactivity in mice (Fuller 1992; Geyer 1996) . Interestingly, there were no significant alterations to motor activity in Slc6a8 -/y mice after PCA administration. It is possible that the high dose of 5 mg/kg PCA caused a ceiling effect with maximal 5-HT release.
However, dosing at 1 mg/kg and 2.5 mg/kg failed to produce hyperactivity in either group. Alternatively, the higher dose could have caused an interaction with other neurotransmitter pathways. While PCA has a relatively high affinity for the 5-HT system, it also increases dopamine release at higher doses (Henderson et al. 1993) . Therefore, PCA co-administered with DA receptor antagonists could provide valuable data to better understand these interactions. Additionally, use of a more specific serotonin agonist, Lack of creatine alters serotonin and affect 1 2 such as 8-OH-DPAT, a compound that favors the 5-HT 1a receptors that are important for mood and depression-like behaviors (Cunha et al. 2013b) , could provide a more nuanced finding.
The main findings of this study were that Cr deficiency leads to resiliency in LH and that a total loss of Cr causes augmentations to the serotonergic system without creating an endogenous depression-or anxiety-like phenotype. These mice show significant cognitive deficits (Skelton et al. 2011; Udobi et al. 2018) 
